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Introduction
Breast cancer (BC) is the most frequent malignant tumor in females and the commonest cause of cancer death among women worldwide [1] . Gene expression profiling studies have established the heterogeneous nature of BC, which might be considered as a collection of distinct "intrinsic"
Ivyspring
International Publisher subtypes, including luminal A, luminal B, ERBB2+, basal, and normal breast-like, showing variable biologic and clinic behavior and response to treatment [2, 3] .
Breast cancer with basal-like phenotypes defined by the expression of high molecular weight (basal) cytokeratin are well known by pathologists, although the focus on these tumors occurred with the identification of the basal-like "intrinsic" (BLBC) subtype, which shows a more aggressive clinical behavior than that of Luminal A and B subtypes [4] .
About 75% of BLBCs are referred to Triple Negative phenotype (TNP), being ER/PR/HER2 negative and basal markers positive by immunohistochemistry, while the remaining 25% comprises all other "intrinsic" subtypes [5, 6] .
Triple Negative Breast Cancer (TNBC) encompasses a heterogeneous group of tumors with different clinic-pathological features and geneticmolecular alterations [7] and is histologically prevalently categorized as high-grade invasive carcinomas of no special type (NST). Other special phenotypes, such as metaplastic, medullary and adenoid cystic carcinomas are still included among TNBC. These special phenotypes substantially differ in terms of biologic behavior and clinical course [8] .
Recently, Lehmann et al. provided further insight in the complexity of the disease. Distinct TNBC subtypes were identified by transcriptional analysis, i.e. basal-like 1-2 (BL1-2), immunomodulatory (IM), claudin-low-enriched mesenchymal (M), mesenchymal stem-like (MSL), and luminal androgen receptor (LAR) variants, each showing a unique biology and specific drug sensitivities ( Figure  1A ) [9] . The potential clinical utility of assessing TNBC subtypes was determined by displaying different pathologic complete response (pCR) rates after chemotherapy among molecular TNBC subtypes, with the BL1 subtype achieving the highest pCR rate (52%) [10] . Therefore, the treatment of TNBC patients has been demanding due to the heterogeneity of the disease and the absence of unambiguous molecular targets.
Recently, the molecular biology of BC has entered in the era of miRNAs, a class of endogenous, small, non-coding RNA that regulate gene expression by interacting with target mRNAs, resulting in either mRNA degradation or translational repression [11] . MiRNAs are involved in multiple signaling pathways, including cell cycle regulation, proliferation, differentiation and apoptosis [12] and can regulate the development of tumors [13] , so they could potentially be used as therapeutic targets. MicroRNA profiling platforms are widely used to evaluate differentially expressed miRNAs between tumors and corresponding healthy tissue to establish the relationship between miRNAs dysregulation and human neoplastic disease. Specifically, expression level variations in several miRNAs have been identified between normal and neoplastic breast tissues [14, 15] , among different molecular subtypes of BC [16] and in BC with different response to endocrine therapy [17] . Different miRNAs have been found to be involved in the pathogenesis of TNBC [18, 19] and recent studies have been developed to identify miRNA profiles and their target genes, which might function as potential biomarkers to predict efficacy of anticancer drugs and cancer prognosis [20] [21] [22] .
Our study is focused on miRNAs expression profiles in basal-like TNBC compared with non-basal-like TNBC, also defined as Quintuple Negative Breast Cancer (QNBC) [23] , to yield further insights into the molecular mechanisms of tumorigenesis in these subcategories of TNBC with poor prognosis and deprived of therapeutic options. Lehmann et al.) [9] . B) Schematic representation of classification of breast cancer samples analyzed in the current study. Our cohort was represented by TNBC (106 cases) that were sub-classified by immunohistochemical analysis in Basal-like phenotypes (43 cases) and non-Basal-like phenotypes (63 cases), using EGFR and CK5/6 as basal markers.
Materials and Methods

Patients and samples
The study was conducted according to the Declaration of Helsinki. The protocol was reviewed and approved by the Azienda Sanitaria Locale Sassari Bioethics Committee (n. 1140/L, 05/21/2013), which renounced the need for written informed consent from patients, according to the Italian legislation on guidelines for the implementation of retrospective observational studies (G.U. n. 76, 31/03/2008). The breast tissue sample dataset of the Histopathology Department archive of Cagliari (Italy) was completely anonymized. We selected 106 TNBC, out of a pool of 593 primary TNBC, collected and diagnosed in about 14-years of routine activity, according with the availability of formalin-fixed, paraffin-embedded (FFPE) tumor blocks from surgical specimens. All cases were fully re-analyzed by two experienced pathologists, and categorized according to current WHO classification [24] .
Data after diagnosis were available for 102 TNBC patients. The follow-up started at time of diagnosis (January 2000 -October 2014) and ended on December 2014. The median follow-up time was 65 months [longest follow-up time 183 months from diagnosis; 63% (64/102) ≥ 36 months; 54% (55/102) ≥ 60 months].
Moreover, we selected 9 normal breast tissues (NBT) from patients who underwent breast reduction surgery.
From FFPE specimens, 3µm-thick tissue sections were cut for hematoxylin and eosin stains (H&E) and immunohistochemical analysis. Additional consecutive sections were also obtained for RNA extraction and genetic analysis.
Immunohistochemistry
TNBC subtypes definition was established by immunohistochemistry using the basal markers Epidermal Growth Factor Receptor (EGFR) and Cytokeratin 5/6 (CK5/6). TNBC cases positive for EGFR or CK5/6 or both were categorized as BLBC, whereas tumors negative for both markers were defined as QNBC (the "five markers method") ( Figure  1B ) [25, 26] .
Immunohistochemistry was performed using specific antibodies against mouse monoclonal Androgen Receptor (AR, clone 2F12, dilution 1:25, Novocastra, Dublin, OH, USA) and mouse monoclonal CK5/6 (Clone CK5/6.007, dilution 1:100, Biocare Medical, Concord, CA, USA). Immunostaining was performed using an autostainer system (Benchmark Ultra Ventana-Roche). Mouse monoclonal EGFR (Clone 2-18C9) immunoreaction was executed using EGFR pharmDx™ Kit (DakoCytomation), according to manufacturer's instructions.
AR expression was interpreted as positive if at least 1% immunostained tumor nuclei were detected in the sample, according with ASCO/CAP recommendations for immunohistochemical testing of hormone receptors in BC. CK5/6 was considered positive when ≥ 5% of neoplastic cells exhibited immunoreactivity. Moreover, the results were scored semi-quantitatively including intensity (0, negative; 1+, weak; 2+, moderate; 3+, strong). EGFR was considered positive when ≥ 1% of neoplastic cells exhibited positivity, according to manufacturer's instructions. Finally, subcellular localization of immunostaining was also assessed for each antibody for all positive tumors.
RNA isolation
Five 10 µm-thick consecutive sections from TNBC and NBT specimens were prepared, and tumors were macro-dissected with a scalpel blade under sterile conditions, using corresponding H&E stained sections as a guide. Total RNAs were extracted using a miRNeasy FFPE Kit (Qiagen, Hilden, Germany) in accordance with the manufacturer's instructions. RNA concentration and purity were assessed using the Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and the Qubit-fluorometric quantitation using Qubit® RNA BR Assay Kit (Thermo Fisher Scientific). The RNA integrity was assessed by the RNA Integrity Number (RIN) using the Agilent RNA 6000 Nano Kit on the BioAnalyzer 2100 (Agilent, Santa Clara, CA, USA)
Human miRNA card array and quantitative real-time PCR
The human miRNome analysis was first performed in a subset of our cohort 4 BLBC, 5 QNBC and 2 NBT. We have used the TaqMan® Array Human MicroRNA Card A set v3.0 (Thermo Fisher Scientific): a high throughput PCR-based miRNA array, which enables analysis of 384 miRNA assays present in the miRBase version 18.0. The card A contains three endogenous controls (MammU6, RUN44, and RUN48) for relative quantitation, of which only MammU6 was present in four replicates while the other two controls appeared just once, and an assay unrelated to any mammalian species, ath-miR-159a, as a negative control. Total RNAs (1000 ng) were converted to cDNAs using Megaplex™ RT Primers Human Pool A (Thermo Fisher Scientific), that contain a set of 377 stem-looped reverse transcriptional primers and 4 controls, and TaqMan® MicroRNA Reverse Transcription kit (Thermo Fisher Scientific). The reverse transcription mix included 1.07x Megaplex™ RT Primers Human Pool A, 1.07x RT buffer, 0.65mM each of dNTPs, 3mM MgCl2, 75U/µl MultiScribe reverse transcriptase, and 2U/µl RNase inhibitor. The 7.5 µl reactions were incubated at the following conditions: 40 cycles at 16°C for 2 minutes, 42°C for 1 minute and at 50°C for 1 second, and 1 final cycle at 85°C for 5 minutes.
PCRs were performed using 450µl TaqMan® Universal PCR Master Mix, No AmpErase UNG (2X; Thermo Fisher Scientific), and 6 µl diluted pre-amplification product in a final volume of 900 µl. One hundred µl of the PCR mix were dispensed into each port of the TaqMan miRNA array, and then the fluidic card was centrifuged and mechanically sealed. The 384-well format TaqMan Low Density Array (TLDA) arrays were run on an ABI 7900HT Fast Real-Time PCR system at the following conditions: 50°C for 2 minutes, 94.5°C for 1 minute, and 40 cycles at 97°C for 30 seconds and 59.7°C for 1 minute. RT-qPCR raw data were analyzed using SDS 2.4 and RQ Manager Software (Thermo Fisher Scientific).
The differential expression of significantly deregulated miRNAs (q-value < 0.05) was further validated by RT-qPCR in an independent dataset of patients and controls (24 BLBC, 28 QNBC, 9 NBT) constituting our validation cohort. The cDNA synthesis was performed as described above. The PCR reactions were carried out in final volumes of 10 µl using the Applied Biosystems 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific). Briefly, reaction mix consisted of 54 ng of reverse-transcribed RNA, 1x TaqMan® Universal PCR Master Mix, 0.2 mM TaqMan® primer-probe mix (Thermo Fisher Scientific). An RT-negative control was included in each batch of reactions. Cycling conditions were: 10 minutes of denaturation at 95°C, 40 cycles at 95°C for 15 seconds and at 60°C for 1 minute. MiRNA U6 was used as reference for normalizing miRNA expression. All reactions were performed in triplicate.
Prediction of miRNA targets, gene ontology and pathways mapping
To predict the potential target genes of the specific deregulated miRNAs we utilized 7 target prediction algorithms: DianaMicroT_strict [27] , miRanda-mirSVR_S_C [28] , MirTarget2 [29] , picTar_ chicken [30] , PITA_Top [31] , starBase [32] and TargetScan_v6.2 [33] . In addition, experimentally validated targets were identified by literature search and collected from miRecords [34] and mirTarBase v4.5 [35] databases. Comparisons of target genes lists were performed with custom scripts using the computing environment R [36] . Targets predicted by at least two of the seven prediction algorithms or experimentally validated (i.e. reported in at least one database or in literature) were selected for subsequent analysis.
To inspect the function of the differentially expressed miRNAs, the selected targets were used to perform Gene Ontology (GO) and KEGG enrichment analysis using the Database for Annotation, Visualization, and Integrate Discovery (DAVID) Knowledgebase (http://david.abcc.ncifcrf.gov). Terms with Benjamin-corrected enrichment p-values <0.1 were considered.
Statistical analysis
Patient characteristics are presented according to BLBC and QNBC subtypes ( Table 1) . Descriptive overall and subgroup analysis was carried out and differences in the basic characteristics and clinical parameters were analyzed using the Student t-test for normal distributed variables, Chi-Square test, or Fisher's exact test in case of less than five expected cases, were used to test differences in frequencies, as appropriated. The primary end-point of the analysis was overall survival (OS) expressed as the number of months from diagnosis to the date of death or to last follow up, if no event occurred (censored time). Follow-up was updated as of 31 December 2014. The Kaplan-Meier method was used to plot survival curves and cumulative incidence of events, and the log-rank test was used to compare mean survival rates across subtypes. For multivariate analysis, Cox regression model was built to estimate the adjusted hazard ratios (HRs) of breast cancer subtypes with age, tumor size, histological type, grade, stage, Ki67, tumor infiltrating lymphocyte and androgen receptors expression.
Relative miRNA expression was calculated using the comparative cycle threshold (2 -ΔΔCt ) method [37] . Ct values were normalized using the quantile normalization method. An unsupervised hierarchical clustering, using Pearson's correlation as distance measure and average linkage as agglomerative algorithm, was used to assess which samples clustered together based on their expression profiles. miRNAs with statistically significant changes in expression were identified by Statistical Analysis of Microarray (SAM) analysis [38] . Differences with False Discovery Rate (FDR) corrected p-value (q-value) <0.05 were retained as statistically significant. All the analyses were performed in R using the samr package for differential expression analysis, and STATA version 13 (STATA Corp., TX, USA).
Results
Comparative analysis of basal-like versus non-basal-like TNBC
One hundred and six patients diagnosed with primary TNBC were involved in the study. The immunohistochemical results for EGFR and CK5/6 are shown in Figure 2 ; the immunoreactivity was observed as membranous or membranous-cytoplasmic and cytoplasmic, respectively. Fifty out of 106 (47.2%) TNBC expressed EGFR with variable staining intensity (1+ to 3+) and percentages of positive neoplastic cells varying between 5% and 99%. Normal breast tissues present in TNBC samples did not show EGFR immunoreactivity. Forty-five out of 106 (42.5%) TNBC expressed CK5/6 with variable staining intensity (1+ to 3+) and percentages of positive neoplastic cells varying between 5% and 100%. Co-expression of EGFR and CK5/6 was detectable in 32 out of 106 (30.2 %) of TNBC. Forty-three out of 106 (40.6%) TNBC were negative for both basal markers and were considered as TNBC without basal-like features ( Figure 1B 
The clinic-pathological features at diagnosis of BLBC and QNBC included in this study are reported in Table 1 . No significant differences were found between the two groups except in the distribution of EGFR and CK5/6 expression, as expected by the immunohistochemical classification of TNBCs used in this study.
Clinical outcomes
The median follow-up time was 65 months overall, 74 months for BLBC group (range 1-183) and 35 for QNBC group (range 4-132) with a significant difference between the two subset (p-value = 0.015). No patients died of other diseases or casualties. 45 BLBCs and 37 QNBCs patients were reported to be alive with no evidence of disease (NED) at the ended follow-up date. Two patients for each group were lost from follow-up and they were excluded by survival analysis. In Figure 3 , Kaplan-Meier curves are shown for the OS comparing the two groups. The 5-year overall survival rate was 80% ± 4% (mean ± SE) for the overall cohort, in particular 78% ± 5% (mean ± SE) for BLBCs and 81% ± 9% (mean ± SE) for QNBCs, however this difference in survival rate was not statistically significant (p-value = 0.216, log-rank test).
Multivariate analyses results are shown in Table  2 
MiRNA expression profiles of basal-like versus non-basal-like TNBC
RT-PCR data using TLDA in BLBC and QNBC, and normal breast tissues were produced. After normalization and removing the miRNAs that were not expressed in most of the cohort, 100 miRNAs were used to perform unsupervised hierarchical clustering analysis, which clearly separated normal breast tissue samples from tumor samples. Additionally, the cluster of tumor samples was further divided in two subgroups, BLBC and QNBC (Figure 4) .
Using SAM analysis, only miR-135b showed statistical differential expression between BLBC and QNBC samples (q-value = 0.011). The expression levels of miR-135b were upregulated in BLBC compared with QNBC. miR-135b identified as differentially expressed by microarray analysis was selected for further validation by RT-qPCR. Comparison of expression levels between the miRNA-135b array data and the RT-qPCR results demonstrated a strong correlation between the methodologies ( Figure 5 ). 
Association analysis of clinic-pathological features and miR-135b expression level
A linear regression model was fitted to identify association between miR-135b and the investigated phenotypes. This model contained as independent variables the phenotypes examined or adjusted for ( Table 3 ). The linear regression shows a significantly association of high Ki67 expression and miR-135b overexpression (β = 0.94, p-value < 0.05) and strong positive correlation (ρ = 0.434, p-value < 0.05). Androgen receptor expression is strongly associated with low miR-135b values (β = -25.9, p-value < 0.05) and shows strong negative correlation (ρ = -0.276, p-value < 0.05), as represented in Figure 6 . Each other characteristics considered didn't show statistically significantly association with miR-135b, but inverse correlation was found for the age at diagnosis (ρ= -0.326, p-value < 0.05).
Genes targeted by miR-135b in TNBC
Different genes were experimentally validated as miR-135b targets, including recognized genes that are deregulated in breast cancer, such as ER, AR, LATS2, HIF1AN, RUNX2, and BMPR2 [39] [40] [41] . Accordingly, miR-135b upregulation, as identified in basal-like TNBC, affects important biological processes by deregulation of its target genes, such as the regulation of transcription, macromolecules biosynthetic process, gene expression, nucleic acid metabolic process, signal transduction, enzyme linked receptor protein signaling pathway. The deregulation of these biological processes might explain molecular mechanisms of tumorigenesis and the strong aggressiveness of basal-like TNBC, controlling basic cellular functions such as growth, differentiation, apoptosis etc. Moreover, the miR-135b target genes were also enriched in interesting molecular function classes, as represented in Figure 7A -B.
In silico prediction analysis found that the set of genes regulated by miR-135b was enriched of several proteins (THBS1-2, TGFBR1-2, SMAD2-4, SP1, MYC, ROCK1-2, PP2A-P70S6K), that have key roles in TGF-beta signaling pathway, GSK-3β, CK1α, APC, SFRP4, SIAH1 members of WNT signaling pathway and CBL-b component of ERBB signaling pathway ( Figure 8A-B) . These pathways have already been correlated with breast cancer pathogenesis [42] [43] [44] .
Discussion
The recognition of miRNAs as regulators of gene expression identifies them as new diagnostic and prognostic indicators and new therapeutic targets. Furthermore, it is currently accepted that the miRNA expression profile shows high accuracy in the classification of tumors [45] . In the current study, an extensive analysis of miRNAs expression profiles was carried out in tumor samples from TNBC patients: miR-135b, was detected overexpressed in BLBC compared to QNBC and normal breast tissue.
The miR-135 family includes miR-135a and miR-135b which are encoded by separate genes located on chromosome 3 (3p21) and 12 (12q23) for miR-135a, and on chromosome 1 (1q32.1) for miR-135b. Although, their "seed sequences" are identical, we did not observe any effect of miR-135a in our study. Nevertheless, it has been described that miRNA genes are mapped on chromosomal regions frequently interested by aberrations in human cancer, suggesting that miRNAs expression could be affected by genomic abnormalities. Interestingly, miR-135b is located on chromosome 1q32.1, one of the regions most frequently gained in breast cancer [46] . Previous evidence of the role of miRNAs in breast cancer have permitted to identify specific "miRNA expression signatures" correlated with ER, PR and HER2 status, sustaining a role in disease classification of BC [39] . miR-135b is included in the miRNA signatures related to ER status and its expression is inversely correlated with ER protein levels [39, 40, 47] . Additionally, strong correlation was identified between miR-135b overexpression and BLBC compared to luminal BC [47, 48] .
In our study, a significant association and a strong positive correlation with proliferative index of tumors highlighted the involvement of miR-135b in the TNBC aggressiveness and progression. These data are in concordance with the literature, which describes different miRNA expression signatures comparing BCs with high and low proliferative index, whose differential expression was validated and characterized by "in vitro" functional assays [47] .
In silico prediction results [42] [43] [44] emphasize that miR-135b target genes are involved in molecular networks associated with tumor aggressiveness. Main signaling pathways including TGF-beta, WNT and ERBB, which control cellular proliferation, migration, invasion, apoptosis, and whose deregulation contributes to the tumor development. Moreover, Hua et al. have shown that miR-135b overexpression works as an oncogene in breast cancer and it is a key molecule to regulate proliferation, invasion, migration and cell cycle [41] . Finally, Arigoni et al. have demonstrated the association between miR-135b expression and poor overall survival and early metastatization in BC [49] .
In our study, AR expression was strongly associated with low miR-135b values with a strong negative correlation, supporting a role of miR-135b in TNBC pathogenesis and progression, which should not be related to endocrine pathways. Interestingly, Aakula et al. have proved that ER and AR are targets of miR-135b in BC and prostate cancer, respectively [40] .
Nowadays, clinical management of TNBC patients is founded on prognostic and predictive indicators based on traditional clinic-pathological features. The identification of prognostic factors to distinguish TNBC into biologically and clinically different groups, even with the support of "surrogate" immunohistochemical definitions of intrinsic subtypes, should be pursued to accurately select therapeutic strategies.
In our study, 59.4% of TNBC expressed one or both of the basal markers. Our results established that the main clinic-pathological features of BLBC are not different from those of QNBC. The difference in survival rate between the BLBC and QNBC demonstrated an increased risk of death for the BLBC group compared to QNBC group. These findings support the hypothesis about actual biological differences between these TNBC subgroups, and highlight the prognostic and therapeutic significance of defining the BL phenotype in TNBC patients. Interestingly, Choi et al. have revealed that QNBC had the poorer OS when compared to BLBC, although BLBC patients who did not undergo to chemotherapy were the worst prognostic subtype in terms of disease free survival and OS, concluding that the identification of basal markers consent to select TNBC patients who will more likely benefit of adjuvant chemotherapy [23] .
Our analysis has shown that AR expression has to be considered as a prognostic independent factor of poor survival in TNBC patients. The role of AR in TNBC is not clear, and, mostly, there is disagreement about its prognostic significance [50] [51] [52] . Hu et al., in a study including a large number of TNBC patients with a long follow-up time (31 years), showed that the association of AR status and BC survival is dependent on ER expression, and specifically stated that TNBC patients with AR expression showed significant increase in mortality [52] . Accordingly, Farmer et al. reported that the molecular apocrine profile was associated with a poor survival [53] . Besides, "in vitro" study suggests that androgens might induce proliferative effects in ER-negative cells [54] . Our results contribute to providing concrete evidence of the prognostic significance of basal markers expression and AR status, along with usual pathologic parameters such as tumor size and Ki-67.
Our study contributes to shed light on the molecular complexity of TNBC, and shows that miR135-b expression is strictly related to basal-like molecular subtype of TNBC, compared with non-basal-like TNBC variants: the association and the positive correlation of miR-135b overexpression with high proliferative index in TNBC can explain their clinic aggressiveness.
Based on our data, we propose that miR-135b may act as an oncogene to participate in the pathogenesis of TNBC, independently of hormone pathways activation. Our study implies potential clinical applications, since modifying miR-135b expression status might be a potential therapeutic option to improve outcome of TNBCs with basal-like features. Based on our findings, we suggest the possible use of miR-135b as a blood-based biomarker as a reliable method in basal-like TNBC patients follow-up. 
